A growing number of elements show well-resolved nucleosynthetic isotope anomalies in bulk-rock samples of solar system materials. In order to establish the occurrence and extent of such isotopic heterogeneities in Zr, and to investigate the origin of the widespread heterogeneities in our solar system, new high-precision Zr isotope data are reported for a range of primitive and differentiated meteorites. The majority of the carbonaceous chondrites (CV, CM, CO, CK) display variable e 96 Zr values (61.4) relative to the Earth. The data indicate the heterogeneous distribution of 96 Zr-rich CAIs in these meteorites, which sampled supernova (SN) material that was likely synthesized by charged-particle reactions or neutron-captures. Other carbonaceous chondrites (CI, CB, CR), ordinary chondrites and eucrites display variable, well-resolved 96 Zr excesses correlated with potential, not clearly resolved variations in 91 Zr relative to the bulk-Earth and enstatite chondrites. This tentative correlation is supported by nucleosynthetic models and provides evidence for variable contributions of average solar system s-process material to different regions of the solar system, with the Earth representing the most s-process enriched material. New s-process model calculations indicate that this s-process component was produced in both low and intermediate mass asymptotic giant branch (AGB) stars. The isotopic heterogeneity pattern is different to the s-process signature resolved in a previous Zr leaching experiment, which was attributed to low mass AGB stars. The bulk-rock heterogeneity requires several nucleosynthetic sources, and therefore opposes the theory of the injection of material from a single source (e.g., supernova, AGB star) and argues for a selective dust-sorting mechanism within the solar nebula. Thermal processing of labile carrier phases is considered and, if correct, necessitates the destruction and removal of non-s-process material from the innermost solar system. New Zr isotope data on mineral separates and a fusion crust sample from chondrites indicate that this non-s-process material could be silicates.
INTRODUCTION
Mass-independent, nucleosynthetic isotope variations are identified across a range of presolar grains and refractory inclusions (e.g. Ca-Al rich inclusions (CAIs)) that reside in primitive meteorites (e.g., Birck, 2004; Lauretta and McSween, 2006) . These distinct chemical and isotopic compositions, relative to that of the average solar system, are thought to reflect (i) the nucleosynthetic signatures of the stellar environments in which these grains were produced (Anders and Zinner, 1993) or (ii) the local composition of the solar nebula from which the refractory inclusions (e.g. CAIs) formed prior to planetary differentiation.
In addition, evidence exists for planetary-scale, mass-independent isotope heterogeneities in bulk carbonaceous chondrites relative to other meteorites, the Moon and Earth for several elements -O (Clayton, 1993; Clayton and Mayeda, 1999) , Ca (Simon et al., 2009; Chen et al., 2011) , Ti (Niemeyer and Lugmair, 1984; Leya et al., 2008; Trinquier et al., 2009; Zhang et al., 2012) , Cr (Rotaru et al., 1992; Podosek et al., 1997; Lugmair and Shukolyukov, 2001; Trinquier et al., 2007) , Ni (Regelous et al., 2008; Steele et al., 2012) , Mo (Dauphas et al., 2002a; Chen et al., 2004; Burkhardt et al., 2011) , Ru , Ba (Ranen and Jacobsen, 2006; Carlson et al., 2007) , Nd (Andreasen and Sharma, 2006) and Sm Sharma, 2006, 2007) . In contrast, homogeneous isotopic compositions are observed for Te (Fehr et al., 2006) , Hf (Sprung et al., 2010) , Zn and Os (Brandon et al., 2005; Yokoyama et al., 2007 Yokoyama et al., , 2010 van Acken et al., 2011) . These observations are consistent with the idea that isotopic anomalies are generally limited to refractory elements (Clayton et al., 1988) . The exact origin(s) of these isotopic heterogeneities remain(s) unclear, however. These variations represent preserved nucleosynthetic isotope signatures that are unrelated to the effects of galactic cosmic ray spallation and radioactive decay. There are currently two general interpretations to explain these isotopic heterogeneities.
The first envisages that they are due to the heterogeneous distribution of isotopically anomalous carrier phases in the solar system. For example, the 50 Ti variations in carbonaceous chondrites scale with the abundance of CAIs (Leya et al., 2008 (Leya et al., , 2009 , whereas those of 54 Cr may relate to nanometer sized spinel grains produced in presolar, supernova environments (Dauphas et al., 2010; Qin et al., 2011) . Furthermore, the enrichment of neutron-rich isotopes ( 50 Ti, 54 Cr) in carbonaceous chondrites and CAIs, along with their possible coupling with short-lived radionuclides (e.g. 60 Fe), suggest the co-production of these isotopes in explosive stellar environments (e.g., Quitté et al., 2007) . These variations are generally attributed to the occurrence of a nearby supernova, which injected material into our solar system that was subsequently incompletely admixed (e.g., Foster and Boss, 1996) . The injection may also have caused the collapse of the molecular cloud that initiated the formation of our solar system (Cameron and Truran, 1977) .
The second interpretation for the origin of these isotopic heterogeneities implies that the variations are the result of thermal processes, acting on an initial dust cloud containing presolar carriers, which was on average isotopically homogeneous. Gas-dust, or dust-dust separation processes act on the system, after the preferential vaporisation of thermally unstable phases (Huss et al., 2003) , which generate the isotopic heterogeneities (e.g., Trinquier et al., 2009) . For example, the correlated isotopic variability of 46 Ti and 50 Ti (both reside in different carriers, and are produced by different nucleosynthetic pathways, Clayton, 2003; Trinquier et al., 2009; Zhang et al., 2012) in the solar system exclude a single carrier phase as the cause.
Whether these isotopic heterogeneities are generated through the addition and incomplete mixing of anomalous carrier phases, or the removal of such carriers by processing in the solar nebula, has a profound implication on the origin of our solar system. The heterogeneities provide important information about nucleosynthesis in stars, the astrophysical environment (stellar neighbourhood) in which our solar system formed, and the subsequent processing of disk material during the early evolution of the solar system.
The analysis of Zr isotopes provides further insight into the origin of isotopic heterogeneities in the inner solar system. Zirconium is a highly refractory element (T c = 1753 K: 50% condensation temperature at 10 À4 bar; Lodders, 2003) and therefore rather insensitive to the thermal processes that occurred in the early solar system and affected the elemental budgets of volatile elements. All five stable isotopes are mainly produced by s(low)-and r(apid)-neutron-capture processes, which allow them to track the mixing of different neutron-rich nucleosynthetic components in the solar nebula. The majority of the observed solar system abundances of 90 Zr (85%), 91 Zr (106%), 92 Zr (100%) and 94 Zr (126%) are accounted for by the s-process (Bisterzo et al., 2011b) . Multiple nucleosynthetic pathways and stellar sources, however, contribute to the synthesis of 96 Zr. Depending on how various s-process contributions from low mass (LM) and intermediate mass (IM) asymptotic giant branch (AGB) stars are integrated, these models can account for 51% (Bisterzo et al., 2011b) or 82% (Travaglio et al., 2004) of the 96 Zr solar system abundance. In such neutron-capture environments, the 96 Zr production strongly depends on the neutron density during nucleosynthesis because of the relatively short beta-decay half-life of 95 Zr (T ½ $ 64 days). The remaining 96 Zr production is attributed to charged-particle reactions (CPRs), and to a lesser extent, the r-process (Cameron, 1973; Käppeler et al., 1989; Farouqi et al., 2010; Akram et al., 2013) , which are largely insensitive to the 95 Zr half-life. These processes likely take place in the inner mass shells or the high entropy, neutrino-driven winds of core-collapse supernovae, respectively (Kratz et al., 2008; Wasserburg and Qian, 2009 ). However, other possibilities include a high neutron density (>10 8 neutrons/cm 3 ) s-process occurring in IM (5-8 M ) AGB stars (Travaglio et al., 2004) , neutron bursts in supernovae (Meyer et al., 2000) , and co-production alongside p-isotopes in thermonuclear explosions of type Ia supernovae (Travaglio et al., 2011) . Consequently, the r-residual method (i.e. r-process abundance = solar system abundance -s-process abundance, e.g. Arlandini et al., 1999) cannot be directly applied to Zr, and other light elements (e.g. Qian and Wasserburg, 2007) , in order to determine the r-process contributions (e.g. Bisterzo et al., 2011b) .
Primitive meteorites show evidence for nucleosynthetic 96 Zr isotope variations. For example, refractory inclusions from the CV3 chondrite Allende exhibit clearly resolved excesses in 96 Zr (Harper et al., 1991; Schö nbächler et al., 2003; Akram et al., 2013) relative to the terrestrial standard.
A recent study (Akram et al., 2013) 50 Ti excesses (and potentially other neutron-rich isotopes of the Fe group elements) and depletions in the r-process Hf isotopes (Akram et al., 2013) . Collectively, the data point to CAIs sampling material from the ejecta of a core-collapse, type II supernova, which was synthesized via CPRs (Akram et al., 2013) . Moreover, the same study identified 96 Zr enrichments for bulk-rock samples of Murchison (CM2), Dar al Gani 137 (CO) and Dar al Gani 275 (CK), which were hinted at, but not entirely resolved for CV and CM meteorites previously (Schö nbächler et al., 2004 (Schö nbächler et al., , 2005 .
The aim of this study is to (i) characterise the extent of nucleosynthetic Zr isotope anomalies in a wide-range of bulk-rock planetary material, (ii) identify the corresponding carrier phases and (iii) understand the nucleosynthetic origin of the Zr isotope heterogeneities with updated stellar models. To this end, we present new high-precision Zr isotope measurements for eucrites, enstatite, ordinary and carbonaceous chondrites. The study also addresses the question of whether the heterogeneities are due to (i) presolar dust injected into the solar nebula, or instead (ii) processes within the solar nebula such as thermal processing or grain sorting.
ANALYTICAL TECHNIQUES
High-precision Zr isotope data are presented for 2 zircons (zircon (50) Jack Hills, Australia, 4.01 Ga and zircon (41), Jack Hills, Australia, 3.4 Ga; Amelin et al., 1999; Schö nbächler et al., 2004) , 3 terrestrial standard rocks (USGS BHVO-2, SCo-1 and AGV-2), 12 carbonaceous chondrites, 4 ordinary chondrites, 2 enstatite chondrites and 5 basaltic eucrites in addition to mineral separates from chondrites. While the terrestrial samples came as solutions (zircons) or powders (USGS rocks), meteorites were obtained as chips. Sample chips were treated with ethanol in an ultrasonic bath (5 min), except for carbonaceous chondrites, which are too porous for this treatment. Where present, fusion crust and weathered components were removed. The samples were subsequently powdered in an aluminium oxide mortar and pestle.
Up to 1 g whole-rock chondrite, 30-60 mg eucrite and 100-400 mg terrestrial rocks were dissolved. An assortment of chondrules, of various sizes (100 lm-1 mm) weighing approximately 111 mg were hand-separated from Allende (CV3) using tweezers. For Renazzo (CR2), a clean chip (200 mg) and several fusion crust dominated fragments (100 mg) were separated and processed separately. The preparation of the metal-rich whole-rock fraction of Renazzo and mineral separates of Forest Vale (H4) and Hvittis (EL6) are described elsewhere (Lee and Halliday, 2000; Schö nbächler et al., 2003) .
High-purity acids (<5 ppt Zr) and solvents were used throughout this study to minimise the procedural blank. Commercially available analytical reagent grade HCl and HNO 3 were purified using a sub-boiling distillation quartz still. Trace element grade H 2 SO 4 (Fisher Scientific Optima brand), HF (Romil UltraPure), H 2 O 2 (Fluka Sigma Aldrich Select grade) and deionised water (18.2 MXÁcm) from a Milli-Q purification system were used.
Zirconium fractions from the zircons (50) and (41) were available from a previous study (Schö nbächler et al., 2004) . Different powdered masses of BHVO-2 (100, 200, 300 mg) and SCo-1 (200, 300, 400 mg) were dissolved with concentrated HF-HNO 3 in a ParrÓ acid digestion vessel (bomb) or microwave, following the procedure of Schö nbächler et al. (2004) and Akram et al. (2013) , respectively. All powdered meteorite samples were digested, up to 300 mg at a time, in a ParrÓ bomb. Metal-rich samples (Bencubbin, Forest Vale, St. Severin, Abee and Indarch) were digested on a hotplate in 5 ml 6 M HNO 3 (120°C, 48 h) before the ParrÓ bomb digestion. The chemical separation of Zr from the sample matrix was based on the two-stage anion exchange technique developed by Schö nbächler et al. (2004) , with some modifications (Table 1 ). The first ion exchange column separation follows Schö nbächler et al. (2004) , but is scaled up for processing up to 1 g of rock powder. It also substitutes one column volume of 3 M HCl-10 M HF with two column volumes of 0.5 M HCl for the resin cleaning stage. For the second ion exchange column, the "matrix elution 2" and "matrix elution 3" steps were added to avoid the elution of H 2 SO 4 into the Zr fraction, which is hazardous to the desolvating nebulizer used for sample analyses. The isotopic analyses were carried out on a Nu Plasma multiple collector-inductively coupled plasma mass spectrometer (MC-ICPMS) coupled with a Cetac Aridus II nebulizer sample introduction system utilising a self-aspirating Aspire (100 lL/min) PFA nebulizer. Following Schö nbächler et al. (2004) Four different digestions of the basalt BHVO-2 were analysed and complemented by 3 digestions of the shale SCo-1. These digestions were treated separately through the ion exchange procedure (a total of 8 different treatments; Table 2 Fig. 1 ), which demonstrates the accuracy of the data. The improved precision obtained here compared to previous work (Schö nbächler et al. 2002 (Schö nbächler et al. , 2003 (Schö nbächler et al. , 2004 (Schö nbächler et al. , 2005 ) (±30 ppm (e 91 Zr), ±20 ppm (e 92 Zr) and ±80 ppm (e 96 Zr)) was achieved by (i) measuring sample solutions multiple times to improve the statistics and (ii) applying higher ion beam intensities, which was possible by increasing the original 10 V dynamic range of the NuPlasma Faraday collector to 20 V for 90 Zr by coupling two 10 11 X resistors. The 2r standard deviation of the terrestrial samples provides a good estimate for the long term reproducibility of the Zr isotope measurements. This estimate is based on independent sample analyses and takes into account samples with varying sample matrices. It assumes that all terrestrial samples possess an identical Zr isotope composition and therefore, the reported 2r standard deviation represents a conservative upper limit for the sample reproducibility. For sample analyses obtained on single sample digestions consisting of a number of measurements (n) 64, this external long term reproducibility is assigned as the uncertainty of the analysis (Table 3) , unless the individual sample error was larger. The individual sample error was estimated by propagating the internal error (2r standard error of the mean based on 60 5 s integrations) with the external reproducibility (2r standard deviation) of the bracketing standards. As such, the individual sample error provides an estimate that considers both the internal and external uncertainty. For the terrestrial samples ( Table 2 , Fig. 1 ) with n P 4 analyses, the weighted average (X w ¼ P n i x i Á w i = P n i w i ; sample measurements x i , weights w i ) of each sample aliquot overlaps with the mean of all terrestrial samples within the uncertainty of the weighted average (1= ffiffiffiffiffiffiffiffiffiffiffi ffi P n i w i p ; 2r) reflecting the standard error (2SD= ffiffi ffi n p ). The exception is the aliquot BHVO-2 (1), where the e 91 Zr and e 92 Zr do not overlap with the terrestrial Table 1 Ion exchange chemistry for the separation of Zr fom Ti.
Ion exchange 1:
Ion exchange 2:
Step Volume However, BHVO-2 (1) was the first sample analysed in this study and its chemical separation did not include the improvements implemented afterwards that minimize traces of sulphuric acid in the analysed Zr fraction. Therefore, for samples with 4 or more measurements (n P 4, Table 3 ) relative to the Zr standard solution, but is in agreement with previous work (e 96 Zr = À0.1 ± 1.5; Schö nbächler et al., 2003; . The data point just overlaps, within uncertainties, with the terrestrial rock standards (Tables 2 and 3 ). The CV3 chondrites show the largest enrichment on average (e 96 Zr = 1.17 ± 0.17). In particular, Allende (CV3) displays a well-resolved positive e 96 Zr of 1.21 ± 0.19 (Table 3) , which was indicated but not clearly resolved previously (e 96 Zr of 1.00 ± 0.82; Schö nbächler et al., 2003) . The e
91
Zr data for Orgueil (CI), Elephant Moraine (CR), Renazzo (CR) and Bencubbin (CB) are consistently more negative than the Alfa Aesar Zr solution, however, they overlap with the average defined by the terrestrial samples (Table 2) . For further discussion and the identification of The weighted mean and its associated uncertainty (2r) are given for repeat measurements. The weighted mean (and its associated uncertainty) of each digest is used to define the sample means for multiple digests, whereas the final Earth mean is calculated using measurements of every digest (i.e. n = 11). Data include samples digested in the microwave ( nucleosynthetic anomalies, it is important to compare the meteorite data to the terrestrial average defined by the terrestrial samples (=composition of the Earth) and not the synthetic Alfa Aesar solution, which yield slightly different Zr isotope compositions. The latter were potentially generated during the production of the synthetic solution. For samples measured 6 4 times, the weighted mean is shown, with the reproducibility (standard deviation, 2r) of the terrestrial rock standards. For repeat measurements (n > 4) of the same sample digest, and independent digests of the same sample (e.g. Orgueil, Allende and Murchison), the weighted mean and its associated uncertainty (2r) are given. Numbers in parentheses denote digest number. Sample information available from: ] Total sample mass powdered from which an aliquot was consumed for digestion and MC-ICPMS analyses.
Enstatite chondrites
The enstatite chondrites are the only meteorites analysed in this study with average e 91 Zr (À0.07 ± 0.13), e 92 Zr (À0.14 ± 0.11) and e 96 Zr (0.04 ± 0.24) values identical to terrestrial rocks. This observation implies that the Earth and enstatite chondrites formed from precursor materials with identical isotopic compositions, as previously suggested based on other isotope systems including O (Clayton, 1993; Wiechert et al., 2001) , Cr (Trinquier et al., 2007) and Ni (Regelous et al., 2008) .
Ordinary chondrites and eucrites
These two groups yield similar weighted averages of e 96 Zr = 0.52 ± 0.14, and 0.39 ± 0.07, respectively (Table 3 Zr values for individual meteorites are identical to the terrestrial Zr isotope composition (Table 3) . Considering the Zr isotope compositions of the group means (weighted average and its associated uncertainty) based on independent analyses, however, reveals potential negative trends in e 91 Zr and e 92 Zr -in addition to the well-resolved positive e 96 Zr (Table 3) . Interestingly, in the e 96 Zr-e 91 Zr diagram (Fig. 4) , the whole-rock data of CI, enstatite and ordinary chondrites as well as eucrites and terrestrial samples (a natural grouping of meteorites suggested by similar Ti and Cr isotope systematics, Trinquier et al., 2009 ) define a tentative best-fit line (WR) with a slope of À0.144 ± 0.040, and an intercept -0.061 ± 0.011 (95% confidence level, C.L. (Fig. 4) . This is further explored in Section 4.2.1.
Components of meteorites

Allende chondrules and CAIs
The Allende chondrule separate (aggregate of many hand-picked chondrules) yield terrestrial e 91 Zr and e 92 Zr values, but a positive e 96 Zr (1.24 ± 0.45, Table 3 ). Two distinct Zr isotope signatures are reported for Allende CAIs in Akram et al. (2013) : the majority (6 out of 8 CAIs) possess similar enrichments (e 96 Zr = 1.90 ± 0.09), which for the purpose of this study, are referred to as high-e 96 Zr CAIs. Two refractory inclusions CAI_NV_3 and CAI_PS_4 are characterised by resolvable, lower e 96 Zr and define a minor subclass (2 out of 8 CAIs) -referred to here as low-e 96 Zr CAIs -with a weighted average e 96 Zr = 0.86 ± 0.15. The distinction between these two groups of CAIs is also supported by Hf and Ti isotope data (Akram et al., 2013; Williams et al., 2014) . However, the two groups do not possess distinct petrographic features.
Renazzo separates
A metal-rich whole-rock fraction of Renazzo (CR), that yielded an e 96 Zr of 2.0 ± 1.4 in a previous study (Schö nbächler et al., 2003) Carbonaceous chondrites contain different amounts of CAIs and this raises the question of whether CAIs are the carriers of the anomalous 96 Zr in these samples. This is addressed here using mass balance considerations. Two different two-component mixing models are evaluated: the addition of CAIs to (a) CI and (b) bulk silicate Earth (BSE) material. The Zr isotope composition of a mixture (e mix , in epsilon) of n components with respective Zr isotopic compositions e i is given by:
for the Zr elemental concentrations (C i ) and the mass fractions (w i ) of each component (i), summing over all components i = 1. . .n (Albarède, 1996) . As a first order approximation, we assume that all CAIs possess identical Zr concentrations ($88 ppm Zr; Mason and Taylor, 1982) and e 96 Zr enrichments defined by the majority of Allende CAIs: the high-e 96 Zr CAIs (e 96 Zr = 1.90 ± 0.09; Akram et al., 2013) . For simplicity, the isotopic compositions of low-e 96 Zr CAIs are neglected in the mass balance calculations, because they only represent approximately 1 = 4 of all Allende CAIs (Akram et al., 2013 (Tables 2 and 3) (Table 3 ) is compared to the mixing model predictions. The data and mass balance predictions (Eq. (1)) show the best agreement for the CAI -CI chondrite mixing model, and can account for the positive e 96 Zr of the CV, CM, CO, and CK groups (Fig. 3) , within the analytical uncertainties. Mass balance calculations based on CAI-BSE mixing yield a similar isotope anomaly pattern (CV > CM % CO > CK > CI), but underestimate the overall magnitude of the positive e 96 Zr values. Thus, the positive e
96
Zr of most carbonaceous chondrites are accounted for by the heterogeneous distribution of CAIs within the accretion region of the carbonaceous chondrites (between 2.5 and 3.5 AU). Such a heterogeneous distribution is supported by the varying abundances of CAIs in different meteorite classes (Hezel et al., 2008) and is also mirrored by evidence from Ti (Leya et al., 2008) and Sr (Moynier et al., 2010; Hans et al., 2013) isotope variations in carbonaceous chondrites.
Both two-component mixing models (CI and BSE), however, fail to reproduce the significant positive e 96 Zr ($1e) of CB and CR chondrites, which are almost devoid of CAIs. This indicates that at least one additional carrier phase of anomalous 96 Zr must be either present or was preferentially lost in these meteorites.
Refractory inclusions may also have been important for the Zr isotope composition of Allende (CV3) chondrules. Chondrules experienced multiple episodes of heating and cooling (Jones et al., 2000) during which they potentially sampled relic CAI material Krot et al., , 2004 The Zr isotope composition of Allende matrix was estimated using a three-component model (bulk Allende = matrix + chondrules + CAIs) based on Eq. (1). The model calculation utilized: (i) the Zr isotope composition of bulk Allende, chondrules and CAIs (Tables 2 and  3) , (ii) the Zr concentration of CAIs (Mason and Taylor, 1982) , bulk Allende (Schö nbächler et al., 2005) and Allende chondrules. Since the Zr abundances of chondrules were not accurately determined, the chondrule concentrations are estimated to be twice that of bulk Allende, based on Ti concentrations in the same samples. Furthermore, it was assumed that bulk Allende contains 3% CAIs (Hezel et al., 2008) , 45% chondrules (Scott and Krot, 2007) , with the remaining material (52%) as matrix. The calculations yield an Allende matrix with an e 96 Zr of 0.36 ± 0.70 (2r uncertainty). This value is comparable to the Zr isotope composition of CI chondrites (e 96 Zr = 0.30 ± 0.22). This similarity of Allende matrix with CI chondrites supports the idea that the matrices of different carbonaceous chondrites possess identical (CI) isotopic compositions .
Additional carriers of anomalous Zirconium
In the previous section, it was shown that CAIs cannot be the only carriers of anomalous Zr in chondrites (Fig. 3) . In the following, evidence is presented for other carrier phases of anomalous Zr.
Metal-rich and labile carriers in Renazzo (CR2).
The data of the metal-rich fraction of Renazzo (e 96 Zr = 2.42 ± 0.32) suggest the presence of a 96 Zr-rich carrier, which is different to the 96 Zr carrier phase in CAIs, because the latter is not related to metal. The similar Zr isotope compositions of both the metal-rich Renazzo fraction and CAIs (high-96, Fig. 4) , however, hint at a similar nucleosynthetic origin for both components. Potentially this nucleosynthetic signature was originally located in the same phase, but was subsequently altered during CAI formation and/or in Renazzo due to secondary processes.
The low e 96 Zr value of the Renazzo fusion crust (e 96 Zr = 0.33 ± 0.25) is unlikely due to terrestrial contamination, because at least twice as much terrestrial Zr must be added to the starting material (i.e. Renazzo) to sufficiently lower the e 96 Zr value based on mass balance considerations. However, the Zr concentration of the fusion crust sample was not substantially enhanced relative to bulk-rock Renazzo, which excludes a strong terrestrial contamination. Fusion crust represents quenched melts, which experienced high temperatures during the travel of the meteoroid through the Earth's atmosphere. It is thus conceivable that more labile 96 Zr bearing phases were removed by vaporisation. If this idea is correct, this provides evidence for a thermally labile 96 Zr carrier in Renazzo. Potential candidates are, e.g., metal or organic matter (Le Guillou et al., 2014) that was burned off during the travel through the atmosphere. This does not necessarily imply that organic matter carries the anomalous 96 Zr itself, but that this actual carrier is associated with organic matter that is destroyed during the entry of the meteoroid.
Non-magnetic fractions of Hvittis (EC, EL6) and Forest Vale (OC, H4). The non-magnetic fraction of the enstatite chondrite Hvittis reveals anomalies in e
96 Zr, with potential negative trends in e 91 Zr and e 92 Zr relative to the Earth and whole-rock enstatite chondrites (Table 3) . This implies that a component within the non-magnetic fraction carries the anomalous Zr. This carrier may be silicates, because they are the major component of the non-magnetic fraction and contain significant amounts of refractory lithophile elements like Zr. In contrast to enstatite chondrites, the ordinary chondrite Forest Vale yields identical Zr isotope compositions for bulk-rock and its non-magnetic fraction within the analytical uncertainty. This composition is distinct from terrestrial rocks, but identical to the non-magnetic fraction of Hvittis. This implies that the anomalous Zr from the Forest Vale non-magnetic fraction (silicates) dominates the bulk Zr budget of ordinary chondrites, while it is less pronounced in enstatite chondrites. In line with this observation, in the three isotope diagram (Fig. 4) , the composition of the non-magnetic fraction of Forest Vale, overlaps with the WR best-fit line (Fig. 4) and possesses more extreme Zr isotope compositions than the Earth and bulk enstatite chondrites. The non-magnetic fraction of Hvittis falls slightly off the line, but still falls within the error envelop of the line. Hence, taken at face value, the heterogeneous distribution of these specific silicates identified in the non-magnetic fraction likely caused the WR correlation and they contributed a greater proportion to ordinary chondrites than the Earth and enstatite chondrites. This conclusion is in agreement with the increased thermal destruction of silicates within the solar nebula as a function of distance to the sun (further discussed in Section 4.2.4).
Collectively, the data provides evidence for at least three distinct carrier phases (CAIs and potentially a metal/organic related carrier and silicates) of anomalous Zr, which are present in different proportions in various solar system materials and carry at least two different nucleosynthetic fingerprints.
A three-component mixture for whole-rock Zr isotope variations
Overall a three-component mixture is indicated based on grouped Zr isotope measurements when the data are shown in a three-isotope diagram (Fig. 4) . The e 96 Zr values are tentatively correlated with possible variations in e 91 Zr and e 92 Zr (discussed in Section 4.2). The offset for CV, CM, CO and CK chondrites can be attributed to the addition of CAIs to either (i) CI material (Figs. 3 and 4) or (ii) to solar system material that spreads along the WR correlation. The metal/organic carrier with a similar isotopic composition as high-e 96 Zr CAIs explains the CR and CB data, while their CAI content (60.1%) is too low to account for the offset from the WR line. Summarising, the Zr isotope data of bulk-rock samples can be explained by a three-component mixing, with (i) a high e 96 Zr end member (sampled most extensively by CAIs and Renazzo metal-rich whole-rock) and (ii) a silicate end member with anomalous Zr, which are admixed to (iii) the remaining solar system material. The mixing between the silicate end member and the remaining solar system material causes the tentative WR correlation (Fig. 4) . It is important to note that this three-component model adequately explains the Zr isotope compositions of the meteorites, but does not directly relate to the bulk elemental compositions of these meteorites.
Nucleosynthetic origin of Zr isotope variations in the inner solar system
This section discusses the nucleosynthetic origin of the Zr isotope variations in the solar system for whole-rock samples (this work) and acid leachates (Schö nbächler et al., 2005) . Since Zr is dominantly synthesised by the main s-process in LM and IM AGB stars (e.g., Travaglio et al., 2004) , comparisons are provided with other mainly s-process elements such as the neighbouring elements Mo, and to some extent Ru, that are in a similar mass range as Zr. This section identifies parallels between these isotope data sets, which show a similar trend, and discusses viable mechanisms that are responsible for this isotope variability.
Origin of the whole-rock (WR) Zr isotope correlation
Variable addition (or removal) of material from specific nucleosynthetic sources to (or from) the solar nebula is considered to explain the nucleosynthetic origin of the Zr isotope variations. Nucleosynthesis by the main s-process is evaluated first, because Zr is mainly an s-process element. Our approach follows the formulation derived in Dauphas et al. (2004) For the s-process end member, new Zr isotope abundances are adopted from updated stellar models. These new models surpass the stellar model presented in Arlandini et al. (1999) , which reports the average Zr isotope composition of both 1:5 M and 3 M AGB stars with half-solar metallicity. The stellar models considered here are based on Bisterzo et al. (2011a) , and build on the model of Arlandini et al. (1999) by incorporating a more extensive nuclear reaction network and improved neutron-capture rates (e.g., i Zr(n,c) i+1 Zr reaction rates). Individual stellar yields for AGB stars with different initial masses (1.5, 2, 3 and 5 M ), metallicities (solar, half-solar) and 13 C pocket efficiencies (e.g. see Lugaro et al., 2003; Bisterzo et al., 2011a,b) are explored (Fig. 5A ). Massive stars (>8 M , weak s-process sites) and low-metallicity stars are neglected, because they produce very little (Raiteri et al., 1993) or no Zr (e.g. Travaglio et al., 2004) , respectively. The effects of varying metallicity (solar or half-solar) and 13 C pocket efficiencies, for a fixed initial stellar mass, on the resultant Zr isotope compositions were determined and do not affect the compositions significantly. In addition to the models that report final envelope compositions of AGB stars (Arlandini et al., 1999; Bisterzo et al., 2011b) (Fig. 5A) , the Zr isotope yields within the stellar envelopes of individual LM and IM stars at different times of their AGB phases are also evaluated (Fig. 5B) . The temporal evolution of a star along its AGB phase is tracked by the total number of third dredge ups (TDUs) elapsed. Each TDU represents instances where newly synthesized s-process material, during periodic thermal pulses, is dredged up and mixed with the envelope. The C/O ratio of the envelope monotonically increases with each progressive TDU (Fig. 5B) , and the envelope becomes more enriched in s-process material. With each TDU, the envelope develops more positive e
91
Zr and e 96 Zr values, which span a wide range of values over the course of the AGB lifetime.
Our model results (Fig. 5A ) illustrate that it is not possible to identify a unique s-process source (i.e. AGB star) that is consistent with the solar system WR heterogeneity. However, the models predict a mixing line in e 96 Zr-e 91 Zr space, consistent with the whole-rock best fit line (WR), when combining average yields of various AGB stars (LM and IM) (Fig. 5A ). This provides evidence that the WR Zr isotope heterogeneity (defined by CI, enstatite and ordinary chondrites, eucrites and the Earth) is due to s-process materials, which originated from multiple LM and IM AGB stars.
Origin of nucleosynthetic Zr isotope variations resolved in leachate experiments
Well-resolved evidence for correlated e 96 Zr-e 91 Zr variations in solar system materials originates from stepwise acid-leaching experiments carried out on the carbonaceous chondrites Allende, Murchison and Orgueil (Schö nbächler et al., 2005) . The leachate data define a best-fit line, L, in e
96
Zr-e 91 Zr space characterized by a slope 0.059 ± 0.003 and an intercept À0.007 ± 0.047, with an s-process signature attributed to phases with e 96 Zr < 0 (and e 91 Zr, e 92 Zr < 0) and a complimentary r-process signature for phases with e 96 Zr > 0 (Figs. 4 and 5) . The final leaching steps, containing the refractory presolar SiC grains, reveal an isotopic composition consistent with the admixture of these grains (Nicolussi et al., 1997; Davis et al., 1999a , Schö nbächler et al., 2005 . The leachate line is almost orthogonal to the tentative whole-rock correlation, posited by the new data and models. Therefore, the leachate and whole-rock data require distinct s-process end members with e 91 Zr < 0 and e 91 Zr > 0, respectively. The mixing lines based on the newly determined s-process yields succeed in reproducing the leachate correlation for stars with low initial masses (1:5 M , 2 M and 3 M ) (Fig. 5b) . Models utilizing higher initial stellar masses (e.g. 5 M , Fig. 5a ) fail to reproduce the leachate best-fit line because they incorporate a high neutron-density burst from the 22 Ne(a,n) 25 Mg reaction, leading to envelope compositions with positive e 91 Zr and e 96 Zr. These observations have several implications. Firstly, the correlation of the C/O ratio with e 91 Zr values implies that the s-process Zr with lower e 91 Zr should largely reside within oxides because these phases condense in an environment with low C/O. Carbides should have higher e 91 Zr because they condense at C/O > 1 (Fig. 5B) . The results from the Zr leachate experiments indicate that the leachate correlation (L) is largely caused by s-process Zr that is located in mainstream SiC grains and an additional (A) (B) Fig. 5 . Mixing lines between different s-process end members and the terrestrial Zr isotope composition. Arrows indicate direction of s-process source. Best-fit lines defined by whole-rock samples, WR (this study, see text) and leachate data, L (Schö nbächler et al. (2005) ) are also shown. For simplicity, the whole-rock line is corrected for an offset from the origin (À0.06 ± 0.011) and forced though e 91 Zr = e 96 Zr = 0, such that Eq. (2) can be used in its current form. This does not affect the interpretation of the data, which is based on gradients. (A) Mixing lines for admixing of material from AGB stars with different initial masses (Bisterzo et al. (2011) ; this study) with a terrestrial composition. For the whole-rock mixing line, the uncertainties (grey band) are dominated by the uncertainties on the gradient (À0.144 ± 0.040), whereas for the leachate mixing line they are dominated by uncertainties on the intercept (À0.007 ± 0.047; Schö nbächler et al. unidentified carrier phase, potentially silicates or an easily leachable phase with an r-process signature (Schö nbächler et al., 2005) . Later leachate studies on carbonaceous chondrites using Os isotopes support this conclusion (Yokoyama et al., 2007; Reisberg et al., 2009 ). Since the leachate data is consistent with SiC grains and silicates, this is in good agreement with our model results, which places the leachate best fit line in the transition zone between carbides and oxides.
However, these results need to be considered with caution because the predicted s-process Zr isotope abundances have model uncertainties. For example, one aspect that is not considered with regards to the C/O ratio of the AGB star is cool bottom burning (e.g. see Zinner et al., 2005) , which reduces the amount of 12 C and produces a larger number of TDUs with C/O > 1. Moreover, the 95 Zr(n,c) 96 Zr Maxwellian-averaged cross section (MACS) is the largest source of uncertainty for 96 Zr yields, owing to the instability of 95 Zr. Current theoretical estimates of this value vary from 24 mb (Goriely, 2002) to 140 mb (Shibata et al., 2002; Chadwick et al., 2006) , with models presented in this study adopting a value of 50 mb (based on semi-empirical estimates, Toukan and Käppeler, 1990) . Hence, the current value for the 95 Zr(n,c) 96 Zr MACS can be lowered by a factor of two and still remain within the overall range of the quoted cross-sections. Revised calculations with lower values yield less negative e 91 Zr values for the corresponding C/O ratios, which would shift the leachate best-fit line more towards the SiC field. A similar outcome is achieved when the calculations are repeated for a reduced 22 Ne(a,n) 25 Mg reaction rate (Jaeger et al., 2001 ). In summary, combining the evidence from the leachate data and nucleosynthetic models suggests that carbonaceous chondrites received variable contributions of s-process matter in the form of, e.g., silicates and oxides that were dredged up early on, in addition to SiC grains that formed during later TDUs. These phases are partially resolved during leaching experiments.
Secondly, an important outcome of this study is that nucleosynthetic trends discovered in leaching experiments of carbonaceous chondrites are not necessarily indicative of the bulk-rock isotope heterogeneity. Our data suggest that bulk-rock samples and leachates may not define the same isotopic trends (Fig. 4) . In agreement with our conclusion, correlated trends for W and Mo isotopes were identified for leach experiments, but not for bulk-rock samples (Burkhardt et al., 2012) . Leachate experiments have been widely applied (e.g., Rotaru et al., 1992; Dauphas et al., 2002b; Schö nbächler et al., 2005; Yokoyama et al., 2007) to identify the nucleosynthetic components from which our solar system was formed. However, these resolved nucleosynthetic components may not bare a direct connection to the bulk-rock isotope heterogeneities observed in solar system materials. Hence, they are homogeneously distributed in the solar system. Components identified by Zr leaching experiments sample a very specific and restricted range of nucleosynthetic sources, limited to LM AGB stars. This stands in contrast to the tentative bulk-rock heterogeneity outlined in this study, which is best explained by mixing of material from multiple AGB stars (LM and IM), therefore being more representative of the average s-process Zr composition our solar system. Thirdly, the multitude of different s-process end member compositions unraveled for Zr also testify to the non-applicability of the r-residual method for Zr, since it is not evident what the complementary r-process signature is for Zr based on a wealth of different s-process mixing lines. Consequently, it is not possible to posit, for Zr at least, that an r-excess signature is equivalent to an s-deficit signature. Moreover, the non-applicability of the r-residual method for Zr has also been pointed out by previous work (Bisterzo et al., 2011) , based on the fact that nucleosynthetic theory allows for various processes (in addition to the r-and p-process) to produce the non-s-process isotopes in the mass range below Ba isotopes.
Correlations between the Zr and Mo isotope systems
The 96 Zr variations (Table 3 , Fig. 2 ) correlate with those of Mo isotopes for (i) whole-rock samples of chondrites and the Earth (Fig. 6 ) and (ii) -with more scatter -acid leachates of the carbonaceous chondrites Orgueil and Murchison (Burkhardt et al., 2011 (Burkhardt et al., , 2012 Dauphas et al., 2002b) . In addition, a correlation between Mo and Ru isotopes was proposed (Dauphas et al., 2004; Chen et al., 2010) and this entails that Ru isotope variations are also correlated with Zr isotopes. However, due to the very limited Ru data currently available, the discussion here is restricted to Mo and Zr. Their isotope systematics exhibit two major differences, despite the refractory nature and similar masses of Zr and Mo. Firstly, the Mo isotope data for both whole-rock meteorites and acid leachates of carbonaceous chondrites fall on the same s-process mixing line in a Mo three isotope diagram (Burkhardt et al., 2012) . This stands in contrast to the interpretation of the Zr data in light of the new models (Figs. 2 and 4) and warrants an explanation. The updated stellar model (Section 4.2.1) was also evaluated for Mo isotopes. Molybdenum and Zr isotopes differ because of the significantly lower neutroncapture cross sections of Zr isotopes and the neutron-capture pathway of Zr, which is more sensitive to branching's Fig. 6 . The Zr and Mo isotope compositions for the Earth, carbonaceous, ordinary and enstatite chondrites, and high e 96 Zr CAIs. The Mo isotope data are from Burkhardt et al. (2011) . Also shown are the mixing lines computed for the addition of s-process Zr and Mo predicted from the classical and stellar AGB models: ((a) Arlandini et al. (1999) , (b) Bisterzo et al. (2011) ) to a terrestrial composition.
(at 85 Kr, 86 Rb, 95 Zr, Lugaro et al., 2003) . The resulting calculations yield very limited variation for the Mo isotope compositions in the envelope of LM stars in their AGB phases, resulting in very few distinct s-process end members (and thus a smaller spread in mixing lines). Furthermore, LM AGB stars can account for the bulk (87%) of the s-process Mo in the solar system (Arlandini et al., 1999; Travaglio et al., 2004) . In contrast, Zr receives significant s-process contributions from both LM and IM AGB stars (Travaglio et al., 2004, Fig. 5A ) and a star along the AGB track produces a wide range of different Zr isotope abundances (Fig. 5B) . This is consistent with the distinct s-process Zr signatures revealed by the whole-rock and leachate data, whereas Mo isotope data do not show this distinction (Burkhardt et al., 2012) . It also emphasizes the sensitivity of Zr isotope production factors (in contrast to those of Mo isotopes) to different model parameters, which implies that Zr isotopes are a sensitive tracer to monitor the production of s-process material in (i) stars of different masses (6 8 M ) and (ii) during the evolutionary phases of a particular AGB star. These findings are consistent with earlier work on presolar grains (Nicolussi et al., 1997; Davis et al., 1999a ) that demonstrates that a number of AGB stars, with different masses, are required to explain the dispersion in the Zr isotope compositions among single presolar SiC grains (Lugaro et al., 2003) .
Another clear difference between Mo and Zr isotope systematics is that the majority of the carbonaceous chondrites reveal a departure from the s-process WR mixing line for Zr isotopes, as a result of the addition of CAIs (this study), whereas no such deviation is postulated for Mo (Burkhardt et al., 2011) . Allende CAIs are enriched in neutron-rich isotopes for both Zr (Akram et al., 2013) and Mo ( 100 Mo enrichments in Type B CAIs, Burkhardt et al., 2011) . However, the majority of analysed CAIs exhibit less positive Mo isotope anomalies relative to CV chondrites, and the anomaly pattern observed for these CAIs are characteristic of an r-excess (Burkhardt et al., 2011) . The addition of CAIs to chondritic material, therefore, affects the Zr isotope composition more than that of Mo and thus influences the Zr whole-rock correlation more. Nevertheless, the e 96 Zr and e 100 Mo isotope composition of the Earth and bulk meteorites show a good correlation (Fig. 6 ). There is some scatter, however, particularly as Murchison (and Allende) falls to the right of the correlation line with a large positive e 100 Mo. The presence of CAIs can explain the small offset for Allende, whereas this is not the case for Murchison. The Mo and Zr excesses of Murchison increase through incomplete dissolutions of the meteorite (Burkhardt et al., 2012; Akram et al., 2013) . However, Akram et al. (2013) could show that the Zr effect was generated through incomplete dissolution of SiC grain, while Burkhardt et al. (2012) showed that another carrier phase was needed for Mo. This demonstrates that the overall budget of anomalous Zr and Mo is distributed differently within the various carrier phases, although both elements occur in SiC grains. This is not surprising because Zr is a strictly lithophile element in contrast to Mo. For example, the Mo isotope variations in Murchison may be related to a refractory metal carrier largely devoid of Zr. It is possible that the Mo-Zr separation was already a feature of the presolar grains. On the other hand, a redistribution of Zr and Mo from a single carrier into multiple carriers could also have occurred in the solar nebula and/or in the meteorite parent body, because all meteorites sampled material that was processed in the solar nebula and experienced parent body processing. The reprocessing, however, must have been a local phenomenon to preserve the overall bulk-rock Zr-Mo correlation. For example, carbonaceous chondrites experienced different degrees of aqueous alteration. Aqueous alteration has affected presolar phases such a silicates, which carry Zr and Mo. This alteration did not lead to a significant decoupling of Mo and Zr isotopes. Such a decoupling, however, could be expected because Zr is an immobile element, while Mo is sensitive to oxidation and therefore more likely to interact with and be transported by the fluid. Since a decoupling is not observed, this requires that the alteration affected the Zr and Mo isotopes on a local scale only, which is smaller than probed by the data. This observation also indicates that the overall bulk heterogeneities were established before parent body alteration took place as discussed in Section 4.2.4.
In summary, the overall correlation between the two isotopic systems suggests that Zr and Mo isotopes in the solar system mainly originate from similar nucleosynthetic sources. The Mo isotope variations were attributed to different accretionary regions of the solar system that contained variable amounts of s-process material, most likely from LM AGB stars (Dauphas et al., 2004; Burkhardt et al., 2011) . The Zr isotope data in combination with the new s-process models require the input of both LM and IM stars, and thus envisage the heterogenous distribution of an s-process component that consists of material from multiple sources. This is not a contradiction because Mo isotopes are not sensitive to this distinction. Nebular processes are considered as likely mechanisms for the distribution of this s-process material, having excluded a widespread form of parent body processing (aqueous alteration).
4.2.4. Dust processing and the heterogeneous distribution of s-process material 4.2.4.1. Injection by a single stellar source. The Zr isotope data support a heterogeneous distribution of different sprocess phases (e.g., SiC, oxides and silicates) from multiple stellar sources (LM and IM AGB stars). Interestingly, one heterogeneously distributed s-process component is identical to the average solar system s-process composition obtained from models and astronomical observations (Arlandini et al., 1999; Lugaro et al., 2003; Bisterzo et al., 2011) . The variable distribution of such a unique s-process mixture cannot be achieved with a single event, such as a nearby supernova event (e.g. Lee et al., 1976) or an AGB star (low probability; Kastner and Myers, 1994) that injected nucleosynthetic material into the solar nebula. Moreover, the late injection of material from multiple stellar sources appears unlikely since the solar system overall is very well mixed to a first order (e.g. Schö nbächler et al., 2003) . Hence, a sorting mechanism, within the solar nebula, is required that is able to act on various presolar carriers from multiple nucleosynthetic sources. This is best achieved, when starting with a well-mixed protosolar molecular cloud. Selective dust sorting then occurs during solar system formation either (i) through the strong stellar winds (e.g. Dauphas et al., 2010) or (ii) through the selective destructions of more thermally more-labile phases caused by the temperature gradients in protoplanetary disk (e.g., Trinquier et al., 2009 (Schö nbächler et al., 2011) . The latter in turn correlate with e 54 Cr (Trinquier et al., 2009 ). The Ti isotope data per se are consistent with bulk-rock isotope variations that define a WR correlation line and the offset of specific carbonaceous chondrites from the WR line through CAI addition (Leya et al., 2008; Trinquier et al., 2009; Zhang et al., 2012) . The 54 Cr variations were attributed to the heterogeneous distribution of nm-sized spinels (Dauphas et al., 2010; Qin et al., 2011) that were sorted by strong stellar winds (Dauphas et al., 2010) . However, these spinels display low Ti concentrations and are not the carrier of the e 50 Ti excesses (Qin et al., 2011 Cr anomalies must be hosted in different carrier phases. The similar systematics of these anomalies suggest that the carrier phases of 96 Zr and 50 Ti reacted to the stellar winds the same way as the 54 Cr-rich spinels. Although this cannot be excluded, it appears unlikely and therefore we favour thermal processing as the origin of the heterogeneity at the bulk-rock scale.
4.2.4.3. Thermal processing. Nucleosynthetic anomalies reported to date are restricted to refractory or relatively refractory elements (e.g., Cr (Rotaru et al., 1992; Podosek et al., 1997; Lugmair and Shukolyukov, 2001; Trinquier et al., 2007) , Ti (Niemeyer and Lugmair, 1984; Leya et al., 2008; Trinquier et al., 2009; Zhang et al., 2012) , Ni (Regelous et al., 2008; Steele et al., 2012) , Ca (Simon et al., 2009; Chen et al., 2011) , Zr (Akram et al., 2013) , Mo (Dauphas et al., 2002a; Chen et al., 2004; Burkhardt et al., 2011) , Ru , Ba (Ranen and Jacobsen, 2006; Carlson et al., 2007) ), which further substantiates that a refractory nature of a given element is essential for the preservation of nucleosynthetic anomalies (Clayton et al., 1988) . The Earth shows an excess in s-process Zr (and Mo) isotopes relative to meteorites (Figs. 2 and 4), which indicates (i) the addition of s-process material to the Earth or (ii) the removal of non-s-process material (i.e. formed in supernovae/novae and other stellar sources) from hotter regions closer to the Sun where the Earth accreted. Thermal processing entails the selective destruction of carrier phases because of their distinct susceptibilities to temperature (Trinquier et al., 2009 ) and thus requires option (ii). This implies that on average, part of the materials produced in supernovae or other non-AGB stellar environments (r-and p-process sites) are more susceptible to thermal destruction than material from AGB stars (s-process). The difference could be due to grains characterised by smaller sizes and/or the chemical composition of the grains. Since the variations along the WR line may be caused by a silicate carrier (Section 4.1.2), the size of the grains appears the more likely option.
In summary, the Zr isotope variations observed in CI, enstatite and ordinary chondrites, eucrites and the Earth (reflected by the WR best fit line) can be explained by the better resistance to thermal processing of s-process material produced in AGB stars. This led to an enrichment of s-process material in the Earth compared to meteorites that formed further away from the Sun. The isotopic budgets of elements heavier than, and including Ba (e.g. Hf and W; Sprung et al., 2010; Burkhardt et al., 2012) show isotopic homogeneity on the bulk-rock scale and were therefore not affected. This is likely the result of their different nucleosynthetic origin (e.g. see Akram et al., 2013) . They are primarily produced by the main r-process, which may not contribute significantly to the lower mass elements.
CONCLUSIONS
New high-precision Zr isotope analyses for whole-rock samples of meteorites, mineral separates of Renazzo (CR), Forest Vale (H4) and Hvittis (EL6), and a chondrule separate are presented. The data provide evidence for a wide-range of nucleosynthetic Zr isotope variations at a bulk-rock level for various meteorites and on a local scale within carbonaceous and enstatite chondrites.
The mineral separate data reveal at least three different carrier phases of anomalous Zr, with at least two distinct nucleosynthetic fingerprints. Zr values compared to the terrestrial samples (Fig. 4) . This is similar to the isotopic signature of the metal-rich and fusion crust fractions of Renazzo. These analyses also provide evidence for thermally labile carrier phases (e.g. organic compounds, or a phase related to organics and/or metal). The nucleosynthetic origin of this Zr isotope signature was attributed to CPRs in core-collapse, type II supernovae (Akram et al., 2013) . Interestingly, the comparison of the non-magnetic fraction of enstatite chondrites with those of ordinary chondrites and their bulk-rock samples indicate the presence of a non-magnetic carrier (potentially silicates) characterized by e 96 Zr excesses. We propose three nucleosynthetic end members to explain all the bulk-rock Zr isotope data. Ordinary, enstatite and CI chondrites, eucrites and terrestrial samples tentatively define a linear correlation (WR) in the Zr threeisotope space. Some carbonaceous chondrites fall off this trend towards the isotopic composition of high-e 96 Zr CAIs, which is consistent with the admixture of various amounts of CAIs in these meteorites. New and updated s-process models are explored and show that a wide range of Zr isotope compositions, and correlated Zr isotope patterns, are produced over the evolutionary timescale of a single star in its AGB phase, and by AGB stars with different initial stellar masses. The posited Zr bulk-rock correlation (WR) is consistent with the heterogeneous distribution of average solar system s-process material, which represents a mixture of material produced in many stars (LM and IM AGB stars). Parent body processes, such as aqueous alteration are unlikely to have caused this large-scale heterogeneity, and this points to nebular processes. In the context of thermal processing, the data imply that a mixture of non-s-process material was destroyed more readily in the solar nebula through heating and this may be related to the grain size (i.e. more resistant s-process dust due to larger grain sizes). Our mineral separation data indicates that silicates may be the presolar phases responsible for the tentative WR correlation.
In contrast to the interpretation of the bulk-rock results, the Zr isotope leachate data of carbonaceous chondrites (Schö nbächler et al., 2005 ) define a clear correlation in the three-isotope space that is best explained by materials that formed exclusively in LM AGB stars. This different origin provides evidence that leaching experiments do not necessarily resolve the nucleosynthetic components that are distributed heterogeneously at a bulk-rock scale.
The isotopic differences between the Earth and meteorites further substantiate that the analysed meteorites are not the exact building blocks of the Earth. Since the Earth accreted from a mixture of material with different degrees of volatile depletion (Schö nbächler et al., 2010) and the Zr isotope composition of the Earth falls at the end of the WR correlation (most enriched in s-process materials), this furthermore suggests that some of the terrestrial building materials are not present in our collections. Our data also imply that CAIs were not an important constituent of the Earth in agreement with Mg isotope evidence (Norman et al., 2006) .
